Introduction
Secretion by salivary glands is regulated primarily by the autonomic nervous system (Emmelin, 1987; Garrett, 1987) and not by hormones, as commonly occurs in other exocrine glands. Stimulation of the nerves to salivary glands therefore provides a controlled means of causing the glandular epithelial cells to secrete in ways that reflect their normal in vivo responses.
Parasympathetic stimulation of cat submandibular glands promotes a copious flow of saliva with a moderate protein content, whereas sympathetic stimulation evokes a less copious flow of saliva stimulated saliva discriminated many of the constituent bands, providing information about their glycosylation. Several bands were common to both parasympathetic and sympathetic saliva, and many bands gave wider ranges of lectin binding than anticipated from the histochemistry. The major component in pasympathetic saliva was a glycoconjugate of less than 12 KD which reacted with every lectin tested.
Lectin blots of sympathetic saliva showed a prominent diffuse LTAreactive band around 33 KD, which was attributed to tissue kallikrein. The identity and cellular origin of most bands in stimulated submandibular saliva are still unclear but the technique shows considerable promise for improving the recognition and characterization of individual glycoconjugates. (J Histochem Cytochem 40:1751 -1760 , 1992 KEY WORDS: Lectin histochemistry; Cat; Submandibular glands; Saliva; Glycoconjugates; Parasympathetic stimulation; Sympathetic stimulation.
with a somewhat higher concentration of protein (Garrett and Kidd, 1977) . In addition, biochemical analyses of saliva from cat submandibular glands has shown different types of protein in sympathetic and parasympathetic salivas (see Dische et al., 1970; Kahn et al., 1969; Komarov and Stavraky, 1940) . These studies, however, gave no information about the cellular origins of the different protein constituents secreted into the saliva. Subsequent assessment of the enzymes acid phosphatase, peroxidase, and kallikrein, both histochemically on the glahds and biochemically on the saliva, revealed information about which cells can be activated by which nerves Garrett and Kidd, 1977) . However, none of this work has provided any knowledge concerning the nature and extent of glycosylation of the major constituents in the glands or in the saliva.
Lectins are proteins or glycoproteins that bind specifically to different sugars or sugar sequences in complex carbohydrates. Labeled lectins used as histochemical probes have provided information concerning the identity and distribution of specific glycocon-jugates in secretory granules of various cell populations in different salivary glands (Menghi et al., 1987 (Menghi et al., ,1989 Schulte, 1987; Hosaka et al., 1986; Takai et al., 1986; Laden et al., 1984; Schulte and Spicer, 1983,1984) . Such studies have demonstrated a lack of uniformity among cell types previously considered homogeneous.
Lectin binding offers considerable potential for studying the effects of different secretory stimuli on the differential release and resynthesis of specific salivary glycoproteins. For instance, Tsukitani and Mori (1986) showed that B-galactose-binding lectins were localized in the secretory granules in the granular ducts of the mouse submandibular gland and that the lectin-positive granules were depleted after pharmacological stimulation with adrenergic agonists. In the present study we have used labeled lectins on sections of cat submandibular glands to identify specific glycosylation of the pre-formed secretory proteins within the different parenchymal cells. The differential release of the glycoconjugates from the different secretory cells in response to selective stimulations of the glands' autonomic nerve supply was then studied. In addition, we have explored the use of these same labeled lectins to identlfy individual glycoconjugates that entered the saliva after separation by electrophoresis. This was done to gain information not only about the glycosylation of the individual protein constituents in the saliva samples but also about the contributions of the different cells to the secretion of these constituents.
Materials and Methods
Animals. Fifteen adult cats of either sex (ranging in weight from 2.4-3.6 kg) were used. Animals were given food and water ad libitum until the evening before the experiments. At this time food, but not water, was removed from the cages.
Nem Stimulations. The stimulations were performed as described earlier by Garrett et al. (1987) . Cats were anesthetized with sodium pentobarbital (36 mg/kg IP, with further doses periodically N) and the trachea was cannulated low in the neck. The duct of the submandibular gland of the stimulated side was cannulated anterior to the lingual nerve with a polyethylene cannula. Either the chorda lingual or the cervical sympathetic trunk was identified and sectioned for stimulation of the peripheral end with a bipolar electrode. In the first 13 animals only one side was stimulated to preserve the contralateral side as an unstimulated control. The actual stimulation time depended on the type of stimulation. For parasympathetic experiments (n = 7), cats mre given continuous stimulation at 10 Hz, 2 m c duration at 8-10 V for periods of time ranging from 1 to 2 hr. Sympathetic experiments (n = 6) varied slightly, with the nerve being stimulated at 10 Hz, 2 msec duration, 8-10 V in an interrupted manner for 30-sec bursts every 2 min or at 50 Hz in bursts of 1 sec every 10 sec. Total stimulation times ranged from 15 to 60 min depending on whether a flow of saliva was continuing. Because there was some variation in the lectin binding in glandular sections from different animals, making comparisons between animals sometimes questionable, two final animals were used to test all parameters on each animal. From these animals an initial control unstimulated biopsy specimen of a lobe was carefully excised from the first gland and its stalk ligated; this gland then received parasympathetic stimulation (as above), and subsequently the contralateral gland received sympathetic stimulation (as above).
The flow of saliva from the cannula was monitored by digital recording of the drops, which were collected into pre-weighed containers surrounded by ice. After each stimulation period the collected saliva was weighed (1 g being considered the equivalent of 1 ml) and assayed for protein concen-tration by absorbance at 215 nm (Ameberg, 1971) . Saliva. samples were lyophilized and stored for later analysis.
Tissue Preparation. The glands were removed immediately after completion of the stimulation period and were weighed. Part of each specimen was removed and cut into blocks of about 5 mm3 and fixed by immersion at room temperature for 4 hr in a solution consisting of 3 % HgC12 in 1% sodium acetate containing 0.2 % glutaraldehyde (buffered HgC12-glutaraldehyde) or a solution of 4% formaldehyde and 7.50/0 sucrose in a 0.08 M cacodylate buffer adjusted to pH 7.2. After fixation tissue pieces were dehydrated through a graded series of alcohols and xylenes and embedded in paraffin.
For electron microscopic evaluation, tissue was minced into about l-mm3 pieces and placed in solutions containing 4% paraformaldehyde with or without 0.5% glutaraldehyde for 1 hr at room temperature. The pieces were embedded in Spurr's-styrene (Thomopoulos et al., 1987) , LR White, or Lowicryl K4M embedding medium. Tissue preservation was assessed on 1-pm thin sections stained with toluidine blue. After this screening process, 70-90-nm thin sections were cut and mounted on either copper or stainless steel grids.
Pieces of unstimulated submandibular gland were weighed, homogenized in 0.15 M phosphate buffer with 0.02% Triton X-100 (pH 6.0) to give a 10% homogenate, and assayed for protein (Lowry et al., 1951) . Homogenates were lyophilized and stored for later analysis.
Histochemistry. Sections from each gland specimen were cut at 4 wm and stained with hematoxylin and eosin (H&E) or with the alcian blue (pH 2.5)-periodic acid-Schiff (AB-PAS) procedure.
For lectin histochemistry, tissue sections cut at 4 pm were deparaffinized, rehydrated, and rinsed in 0.1 M PBS containing 0.1 M CaC12, MgC12, and MnC12, pH 7.2 (PBSC) for 30 min. Mercuric chloride deposits were removed from tissue sections fixed in buffered HgC12-glutaraldehyde by washing in alcoholic iodide and rinsing in sodium thiosulfate.
Lectins were conjugated to horseradish peroxidase (HRP) and applied to tissue sections as described in an earlier report (Schulte and Spicer, 1983) . Lectin-HRP conjugates were diluted to 10 or 20 pg/ml and applied to serial sections of cat submandibular glands for 2 hr at room temperature. After a wash in PBS, lectin binding sites were visualized using 3,3'diaminobcnzidine-H202 substrate medium (Graham and Karnovsky, 1966) and the sections were dehydrated and coverslipped with Permount.
For electron microscopic cytochemistry, grids with thin sections from Spurr's-styrene blocks were hydrated, tissue side down, in triple-distilled water for 5 min and then floated on a drop of lectin-HRP conjugate (same dilution as for paraffin sections) for 4 hr at room temperature. Grids were carefully but thoroughly washed in PBS, incubated in 3,3'-diaminobenzidine-H202 substrate medium for 10 min, and finally washed in several changes of triple-distilled water.
Thin sections from LR White and Lowicryl K4M resins were employed for DBA-colloidal gold (10 nm) cytochemistry (Sigma; St Louis, MO), using methods similar to those described by Roth (1983 Roth ( ,1986 . These sections were hydrated in PBS with 1% bovine serum albumin for 10 min, incubated in a 1:10 dilution of lectin-gold complex for 2 hr at room temperature, washed in PBS, and rinsed in triple-distilled water.
Analysis of Saliva and Tissue Homogenates. The saliva samples were analyzed by SDS polyacrylamide gel electrophoresis under reducing conditions, as described by Laemmli (1970) . A 4% spacer gel and a 12.5% separating gel, total size 100 mm x 70 mm x 0.75 mm, were used. Freezedried samples of saliva and tissue homogenates were rehydrated to 5 mg proteinlml in sample buffer containing P-mercaptoethanol and were boiled to dissolve all the sample. Between 5 and 10 p1 of the re-suspended sample were loaded into a spacer gel slot and electrophoresis was conducted at 30 V through the spacer gel and 60 V through the separating gel. Pre-stained molecular weight standards were run to allow for an estimation of the mo- lecular weights of salivary glycoproteins. Initially, completed gels were placed in a solution of Coomassie blue to assess the separation of the proteins in the saliva and homogenates. Subsequently, on completion of electrophoresis, the separated glycoproteins were electroblotted onto nitrocellulose paper after equilibration in a transfer buffer (pH 8.3) consisting of 192 mM glycine, 25 mM Tris, 0.0375% (w/v) SDS, and 20% (vlv) methanol. Elecuoblotting was performed at 0.8 mA/unZ for 1 hr or until pre-stained standards were transferred. The nitrocellulose paper with blotted proteins was incubated in Tris-buffered saline (pH 7.5) with 0.05% Tween 20 at 4'C overnight. Selected lectin-HRP conjugates were diluted to 2-4 pglml in PBSC and nitrocellulose papers were incubated for 4 hr at room temperature on a rocker. The papers were washed in PBS and visualization of bound lectin-HRP conjugates was as described for the paraffin sections. Some transfers were stained for protein in a solution of amido black.
On occasion, before gels were stained or electroblotted a specially prepared enzyme overlay membrane containing the substrate D-Val-Leu-Arg-7-amino-4-trifluoromethylcoumarin (AFC) was employed to identify tissue kallikrein in the SDS gels. The preparation of this membrane, as well as its specificity for cat submandibular kallikrein, has been previously described (Garrett et al., 1985; Smith, 1984) . After electrophoresis the gels were placed on a glass plate in a high-humidity chamber. An enzyme overlay membrane was washed in distilled water and carefully placed on the gel. After 15-30 min the gel and membrane were removed and viewed under a long-wave ultraviolet light before the membrane was peeled off.
Staining Controls. Several control procedures were performed on both tissue sections and blots to verky the specificity of lectin-HRP conjugates. A 0.1 M solution of the specific sugar to which the lectin binds was added to the lectin before its application (see Table 1 for suga~ specificities). Oxidation of sugars by incubation in 44 mM periodic acid was performed before lectin-HRP conjugates were applied. An additional control utilized unlabeled lectins in place of the lectin-HRP conjugates.
Results
Both fixatives used for light microscopy provided good to excellent morphological preservation. Formaldehyde sucrose gave the best results for H&E and AB-PAS, and results for control glands were as described previously (Harrison, 1974) . However, the buffered HgClz-glutaraldehyde solution yielded consistently better preservation of lectin binding sites. Five lectins that readily distinguished the various cell populations (see Table 1 ) were selected from an initial panel of over 15 lectins.
The cat submandibular gland consists of secretory acini which are connected to striated ducts by short segments of intercalated ducts (Harrison, 1974; Shackleford and Wilbom, 1970; Shackleford and Klapper, 1962) . The secretory acini consist of two cell populations, the central cells and the demilunar cells. When positive, the entire contents of the demilunar cells and central acinar cells were stained, whereas in striated duct cells the apical, granule-containing zone was stained. All photomicrographs represented in Figures 1  and 2 were from tissue sections of glands from the same cat and were processed in the same protocol with the same incubation medium, temperature, and pH.
Central Acinar Cells
In the unstimulated cat submandibular gland the central cells showed mixed strong staining with AB and PAS (not shown). The central acinar cells were reactive with GSA I-B4, LTA, and PNA (Figures 1 and 2 ). The central cell staining with PNA tended to be strong and relatively uniform, whereas with GSA I-B4 and LTA it was more variable in intensity. LFA-and DBA-HRP conjugates showed little or no binding to this cell population (Figures 1 and  2) . The central acinar cells showed moderate secretion of their lectinpositive granules in response to prolonged parasympathetic stimulation. Residual staining, however, tended to be more intense than control staining. Sympathetic stimulation resulted in little if any secretion of lectin-positive glycoconjugates from the central cells.
In unstimulated glands the demilunes showed strong staining with AB. Lectin staining was confined to DBA and LFA and this binding was selective for these cells, since DBA and LFA showed little reactivity with other cell types (Figures 1 and 2) . The staining occurred throughout the cytoplasm of the demilunar cells without distinguishing the secretory granules. Staining of demilunar cells was diminished considerably with DBA or LFA after parasympathetic stimulation ( Figures Id and 2d) . Sympathetic stimulation caused a reduction in cell volume, but the shrunken demilunar cells showed PARA CONTROL SYMP stronger staining with DBA than in unstimulated glands, possibly owing to concentration of stored secretory glycoprotein.
Striated Duct Cells
The periluminal zone of striated ducts stained bright red with the AB-PAS procedure and this staining was resistant to digestion with diastase. Secretory granules in the apex of striated duct cells reacted strongly with LTA and weakly with LFA (Figures 1 and 2) . Parasympathetic stimulation resulted in no detectable differences in lectin binding as compared with the contralateral unstimulated control gland. Sympathetic stimulation, however, caused nearly total secretion of the apical LTA-and LFA-positive material. An overview of the changes in lectin binding promoted by nerve stimulation in the various cell types of the cat submandibular gland is provided in Table 2 .
Uhastructural Cytochemistry
Electron microscopic assessment confirmed cytochemical studies that secretory granules of the demilunar cells bind DBA ( Figure  3) . The secretory granules of the central acinar cells were reactive with GSA I-B4 and PNA and those of the striated ducts with LTA ( Figure 3 ).
Analysis of Saliva and Gland Homogenates
The flow of saliva was uniform throughout all intervals of all stimu- Binding of all five lectins was assessed on electroblots after SDS-PAGE. In our hands the results with LFA showed consistently weak binding with high amounts of background, in contrast to the results with the other Iectins.
Lectin blots of glandular homogenates showed variable staining of the many glycoprotein bands present. The lectin GSA I-& appeared to bind the greatest number of bands. A moderate number of bands were recognized by LTA, whereas fewer were bound by DBA and PNA. Different binding patterns occurred with each lectin. Similarly, the saliva samples showed diverse lectin binding patterns that revealed complex differences among the bands that were stained in each type of saliva (Figure 4) .
The most remarkable observations were: (a) the presence in parasympathetic saliva of a low molecular weight (<I2 KD) glycoprotein that reacted with all lectins tested. This glycoprotein was the main constituent of parasympathetic saliva and was found in sympathetic saliva only in small amounts. PNA was found to bind only to this low molecular weight band; (b) a band at 12 KD which was present only in parasympathetic saliva and which stained most strongly with GSA I-B4 and DBA; (c) the presence in sympathetic saliva of a large diffise zone between 33 and 47 KD that showed strong staining with LTA. This band was not present in parasympathetic saliva. There was a conspicuous absence of binding of most of this diffuse area with GSA I-B4 and DBA. Within this diffuse zone there were two bands that appeared only in parasympathetic saliva and that showed variable lectin binding profiles; and (d) some higher molecular weight constituents (>47 KD) were seen mainly in parasympathetic saliva. Results with sympathetic and parasympathetic saliva obtained from the same animal corroborate the comparisons among different animals.
The membrane overlays impregnated with D-Val-Leu-Arg-AFC showed a positive fluorescent reaction in the diffuse LTA-reactive zone between 33 and 47 KD in sympathetic saliva (Figure 5) and in gland homogenates, thus demonstrating that it was attributable to tissue kallikrein (see Garrett et al., 1985) . This smear also showed a positive reaction with PAS. : a x 15,000; b x 9000; c x 6000; d x 2000. Bars: a,b = 1 pm; c = 2 pm; d = 10 pm. 
D-Val-Leu-A rg-

Control Procedures
Inclusion in the lectin-HRP conjugate solutions of a 0.1 M concentration of the sugar to which the lectins bind specifically (see Table  1 ) resulted in no observable lectin staining on either tissue sections or blots. Similarly, pre-treatment of tissue sections or blots with 44 mM periodic acid before the addition of lectin conjugates blocked all staining reactions. Substitution of lectins not conjugated with HRP resulted in no detectable staining.
Discussion
The histochemical assessment of lectin binding in cat submandibular glands has provided greater discrimination of the secretory glycwonjugates in the different populations of epithelial cells than has been attained with conventional mucosubstance staining. Our results are in accord with those from previous studies on unstimulated glands (Menghi et al., 1987 (Menghi et al., ,1989 . and the findings have now been con-WINSTON, PROCTOR, GARRETT. SCHULTE, THOMOPOULOS firmed by ultrastructural cytochemistry. Use of lectin histochemistry to assess neurally induced movement of secretory glycoproteins from the glands into saliva has enabled us to expand information beyond that obtained previously with mucosubstance staining or enzyme histochemistry  Garrett and Kidd, 1975,1977) . In keeping with our previous results, the mobilization of pre-formed secretory material from the central acinar cells was found to be mainly a parasympathetic function and that from the striated ducts mainly a sympathetic function. However, it is now evident that the induction of glycoprotein secretion from demilunar cells is more of a parasympathetic function than was previously realized, although sympathetic impulses were still found to have some effect on these cells. Therefore, the responses of the demilunes to nerve impulses appear to be truly mixed, so that dual concurrent stimulation by both parasympathetic and sympathetic nerves may be found to provide a greater secretory drive on these cells than occurs with either nerve function in isolation.
The rationale for exploring lectin binding on glands and on electrophoretic preparations of saliva was to gain information about the cellular sources of the glycoprotein constituents in saliva. This seemed a reasonable proposition from the histochemical patterns of binding by different lectins to different secretory constituents in control glands and their depletion after nerve stimulation. However, the lectin binding patterns on blots have turned out to be much more complex than was anticipated from the histochemistry. Nevertheless, considerable new information about saliva has emerged, indicating that further investigations with this type of procedure will be rewarding.
Lectin binding on blots from SDS-PAGE showed stronger staining of many bands than occurred with conventional protein staining under similar loading concentrations. Therefore, this method provides advantages for detection. Furthermore, where discrimination of individual bands was possible there was much more intense staining of some bands from saliva vs those from gland homogenates, which probably relates to their being selectively concentrated in the saliva by the secretory process. As far as could be determined, the constituents detected in the saliva showed similar mobilities to their counterparts in the homogenates.
The principal constituent in sympathetic saliva produced a diffuse spread of binding with LTA on lectin blots. Use of the membrane overlay techniques on similar preparations revealed a reaction, attributable to tissue kallikrein in the same region, which was similarly diffuse whether from sympathetic saliva or from homogenates. The diffuse appearance of kallikrein on separation has been attributed to its unusually high percentage of sugar side chains (Fukuoka et al., 1979) . Kallikrein is known to be formed and secreted by the striated ducts  Garrett and Kidd, 1975) . and it has been localized in the secretory granules by immunocytochemistry (Schachter et al., 1983) . It also has been shown that cat submandibular kallikrein contains fucose (Fukuoka et al., 1979) . It is therefore logical for there to be strong LTA binding in the perilu-mina1 zone of striated ducts where the secretory granules are located, for the LTA binding constituent to be depleted on sympathetic stimulation, and for there to be prominent LTA binding in blots of sympathetic saliva in the region shown to contain kallikrein activity by the membrane overlay technique.
Apart from tissue kallikrein, virtually no information exists about the other main constituents in cat submandibular saliva. From the morphological findings it seems that constituents found predominantly or exclusively in parasympathetic saliva are more likely to have originated from the central acinar cells, and this is supported if they were found to bind GSA I-B4, PNA, or LTA, as occurred histochemically within the central cells. In addition, on the basis of histochemical results it is reasonable to presume that the low molecular weight constituent which was predominant in parasympathetic saliva originated from the central acinar cells, especially since it was the only band that bound PNA and histochemical binding with this lectin was confined to central acinar secretory material. The presence of a certain amount of this low molecular weight constituent in sympathetic saliva could be an indication that the sympathetic nerves do cause a small amount of secretion from the central acinar cells, as was suggested by studies on acid phosphatase in the glands and saliva (Garrett and Kidd, 1975) . It is not known why the other labeled lectins bind to this low molecular weight constituent in electrophoretic preparations of saliva, since they were not found to bind to central cells in the histochemical preparations. One explanation could be that potential binding sites may not be freely available in secretory granules of control glands, especially after fixation. Some support for this emerges from the finding that whereas central cells in control glands show little or no binding with DBA and LFA, there are signs of an increased affinity for this lectin by residual secretory material in the cells after parasympathetic stimulation, suggesting that binding sites had been unmasked.
Another source of this low molecular weight protein could be via secretion from intercellular pathways. Martin and Burgen (1962) demonstrated changes in permeability of cat and dog submandibular glands to non-electrolytes after cervical sympathetic trunk nerve stimulation or administration of epinephrine or norepinephrine. However, these results are based on sympathetic responses and these authors did not report any results from parasympathetic experiments.
Arguing in a similar manner, it is possible that the other constituents that are exclusive to parasympathetic saliva-such as the band at about 12 KD which stains predominantly with GSA I-B4, the band at about 36 KD which stains predominantly with DBA, and the band at about 47 KD which stains predominantly with GSA I-B4-may also originate from central acinar cells and any presence in sympathetic saliva is beyond the limits of detection. Further work on developing antibodies to the individual bands and their subsequent immunohistochemical localization will be required to establish their actual sites of origin.
Predictions based on our present histochemical findings suggest that the other constituents occurring in moderate amounts in both sympathetic and Parasympathetic saliva are likely to have originated from the demilunar cells. These shared constituents are marked and labeled in Figure 3. As indicated above, further testing after generating antibodies will be required to localize this and the other shared constituents.
More questions have been created than answered by our initial use of lectin probing on saliva samples to identify glycoprotein constituents after electrophoretic separations. Nevertheless, the technique shows considerable potential. Application of this methodology in conjunction with other means of identifying and characterizing the individual glycoproteins in saliva should provide a much wider understanding of the mechanisms involved in their mobilization from the secretory cells. In addition, factors influencing the glycosylation of the individual components entering saliva should then become more readily understandable.
